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Dynamic control of a weak quantum probe light pulse for the generation and quantum manipulations of a stationary 
multi-color (MC-) light field in a resonant coherent atomic medium using electromagnetically induced transparency is 
proposed. The manipulations have been analyzed based on the analytical solution of the adiabatic limit in the 
evolution of MC-light fields resulting from interaction of the slow probe light with the new fields generated in the 
nondegenerate multi-wave mixing scheme. We have found a critical stopping condition for the MC-light fields where 
the group velocity of light should reduce down to zero. Semiclassical dynamics and behavior of specific quantum 
correlations of the MC-light fields have been studied in detail for particular initial quantum states of the probe pulse. 
The stationary MC-field dynamics are treated in terms of dark MC-polariton states constructed for the studied multi-
wave mixing processes. We have found the conditions for optimal manipulation of the MC-light while preserving the 
delicate quantum correlations of the initial probe light pulse. The quantum manipulations leading to the frequency and 
direction switching of the initial probe light pulse as well as to the quantum swapping of probe light into the new 
multi-frequency light fields have been proposed. The possibilities of the interaction time lengthening and enhancement 
of the electric field amplitudes of the stationary MC-light are also discussed for enhancement of the interactions with 
weak quantum fields in the spatially limited media.  
PACS numbers: 42.50.Gy, 42.65.Ky, 42.50.Dv, 42.50.Lc.  
 
I. Introduction 
The coherent interactions of the quantum light with resonant media has drawn much 
attention to the area of nonlinear quantum optics for the possibility of deterministic control of the 
light fields and for superior enhancement of nonlinear interactions [1]. Such issues are most 
important for quantum information processes, which especially need repeated non-destructive 
measurements of physical observables and entanglement control of the light fields [2]. The most 
successful experimental results in this area were achieved using a cavity-QED technique which 
exploits the cavity-lengthening interaction time [3]. It would be important to realize these results 
for a traveling light schemes, which promise important possibilities for control of the light-matter 
interactions. Recently electromagnetically induced transparency (EIT) [4] has been successfully 
applied for the enhancement of light-media interaction and for a considerable lengthening of the 
interaction time [5, 6]. EIT is a quantum optical phenomenon of the resonant interaction between 
the light and coherent medium, where the additional control laser field modifies the absorption and 
refractive index of the medium resulting in transparency of the medium even to a resonant probe 
light. The modified refractive index of the medium results in the ultra-slow group velocity of the 
probe light pulse observed in different media [7-13]. Quantum control of the interactions with 
slow light fields can be used for quantum switching [14], quantum memory [15, 16], deterministic 
entanglement [17], and for quantum computing [18]. Highly efficient nondegenerate four-wave 
mixing generations have also been shown using EIT-induced giant Kerr nonlinearity [19], which is 
likely to provide broad potential for using a very weak optical field to obtain a π-phase shift [20-
22], where a quantum superposition such as Schrödinger’s cat can be realized [20,22].  
The quantum dynamics of the slow light field in the EIT condition demonstrates unusual 
and often unpredictable behavior so the slow light phenomenon still attracts a deep physical 
interest [23]. Very recently, a new effect - stationary light using EIT-induced slow light has been 
observed in the hot gas with Λ-type atomic medium using a standing-wave grating formation 
caused by the counter-propagating intensive laser fields [24]. The stationary light is different from 
the quantum memory phenomenon [15,16], where a complete quantum conversion process 
between the light and media is not involved therefore the stationary light field can interact for a 
longer duration with individual localized atoms or another light field in the spatially limited media 
[25]. Thus, one can principally apply the stationary light for temporally lengthening manipulation 
of probe weak quantum light fields that is particularly similar to a cavity-QED, which provides 
deterministic quantum information processes especially for the quantum nondemolition 
measurement where low nonlinearity is a critical problem. Nevertheless it should be noted here 
that such nonlinear interactions with single photon fields should satisfy strong demands to a spatial 
compression of the light beams and spectral parameters of the interacting light fields and atomic 
medium so the problem still needs further research to provide a stronger coupling constant of 
photon-photon interactions in the coherent media [26].  
Recently the quantum control of the stationary slow light has been proposed for the 
generation and control of the two- and three-color stationary light [27] with the possibility of an 
effective wavelength conversion of initial quantum probe light. Transition to the quantum control 
of stationary multi-frequency fields opens a new spectral freedom degree for quantum 
manipulation of the light fields which is important issue for multi-frequency interface and 
quantum communication. In this paper we present a generalized theoretical approach to the 
stationary light control based on the nondegenerate multi-wave mixing processes in a resonant 
multi-Λ scheme (see Fig. 1). In the framework of the adiabatic approach to multi-waves 
interaction in the coherent medium, we analytically study the generation of new light fields with 
arbitrary frequency components from the initial probe light field El launched into the medium 
(below we call the generated coupled light fields by a multi-color (MC-) light fields). We analyze 
the quantum manipulations of MC-field. In particular we have found that the generated light fields 
are coupled undividedly with each other in the MC-field by united group velocity and similar 
spatial envelopes which can be manipulated and even completely stopped by adjusting the laser 
field amplitudes.  
The proposed quantum control of the multi-wave dynamics opens the possibilities for: 1) 
controllable lengthening of the stationary MC light evolution in the medium, 2) enhancement of 
the electric field amplitudes for the chosen MC-light field components and 3) controllable 
frequency tuning of the different spectral field components and transformation of the initial 
quantum correlations of probe light to the new one or many traveling coupled light fields. We have 
found the optimal spectral conditions where such quantum manipulations of the MC-light fields 
take place with minimum distortions of the original parameters of probe pulse energy and quantum 
correlations. For this purpose we have analyzed in detail the semiclassical dynamics of MC-light 
evolution for the coherent state of the probe light and have examined the behavior of specific 
quantum correlations for spectrally correlated two photon (EPR) probe field. In the conclusion, we 
summarize the obtained results and possible applications of the proposed manipulations with the 
weak probe quantum light pulse.  
 
II. Adiabatic Theory of MC light  
Figure 1 shows an energy level diagram of the interaction between all the quantum light 
fields M++M- in the coherent resonance medium derived by the M++M- control intensive laser 
fields. We assume the quantum fields  (mEˆ ],...,1[ +∈ Mm ) and the control fields Ωm propagate 
along z-direction whereas the other quantum fields  (nEˆ ],...1[ −∈ Mn ) and their control fields Ωn 
have an opposite backward –z direction. Such directions of the field waves correspond to the 
effective generation and strong interaction between the waves at the phase-matching condition. As 
seen in Fig. 1, the control fields Ωm and Ω n have the frequencies close to the frequencies of the 
atomic transitions between the state |2〉 and the excited states |m〉 and |n〉 (where  
and  are the Rabi frequencies on the atomic transitions ⎢2〉↔⎢m〉 and ⎢2〉↔⎢n〉, φ
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are the constant phases of the fields). 
We assume that initially all the atoms stay on the ground level 1 and only the one probe 
light field lEˆ   enters into the medium at t=0 and the atoms are driven by one intensive control laser 
field . The initial state of the light and medium in the interaction picture is given by 0)0( ≠≈Ω tl
atomslin
t 1)0( ϕϕ =<< , where ∏= j jatoms 11  and lϕ  are a ground state of the atoms and 
initial state of the probe weak light field . The two fields  and lEˆ lEˆ lΩ  create the atomic coherent 
wave 12Pˆ  between level 1 and 2 which follows the slowly propagating light pulse with the wave 
vector  (where we assume  and  are wave vectors of the fields  and Ωll Kk − nmk , nmK , nmE ,ˆ m,n). 
After the complete entrance of the probe pulse into the medium we propose to switch on the 
additional control laser fields for t>to so 0)( ≠> om ttΩ  and 0)( ≠>Ω on tt . Such switching 
processes can be easily realized due to the very slow group velocity of the probe light. The 
additional control fields Ω m,n will create the new atomic polarization waves (with wave vectors 
) each of them generate the new light field  intensively at the phase 
matching condition. Thus the present multi-color light control utilizes a single color traveling 
probe light to create M
nmllnm KKkk ,, +−= nmE ,ˆ
++M- spectral components of stationary (multi-color) light using many 
double Λ EIT scheme, in which all the spectral components become absorption free. All the 
quantum fields ,  and  will interact intensively with each others in the optically dense 
medium via the huge joint atomic coherence wave 
lEˆ )(ˆ lmE ≠ nEˆ
12Pˆ  whereas the optical atomic coherences 
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nmP  corresponding to the individual light fields  will follow adiabatically the dynamics of 
coherence wave 
nmE ,ˆ
12Pˆ . Therefore all fields  become indivisibly coupled with each other, 
which changes its properties dramatically in comparison to behavior of the initial traveling probe 
light field. The optimum conditions of the perfect quantum evolution of MC-light are studied 
below. 
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For a theoretical analysis of the evolution of MC-light fields we use a one dimensional 
approach for the quantum fields of light beams )(),(ˆ)2/(),(ˆ zktimomm mmeztASztE
−−= ωεωh  and 
)(),(ˆ)2/(),(ˆ zktinonn neztASztE
+−= σωεωh , where  are slowly varying operators corresponding to the 
forward waves (index m) which are resonant with atomic transitions |1〉→|m〉 and the wave index n 
stands for the backward fields resonant to the transitions |1〉→|n〉, respectively (see Fig.1) (where 
, 
)(;
ˆ
nmA
)'()]',(ˆ),,(ˆ[ , zzztAztA qpqp −= δδ qp,  are the common indexes corresponding to all the fields 
including their polarization, h  is the Planck’s constant, oε  is the electric permittivity, S is a cross 
section of light beams [1, 28]). In the interaction picture, the Hamiltonian of the quantum fields 
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where 'ˆ ' llP jj
j
ll =  are an operator of the j-th atom, )2/(1,1, Sg olll hεω℘=  is a coupling constant of 
photons with atoms, ℘l’,l is a dipole moment for the transition between the states 〉→〉 ll ' , 
mmmv Δ+= 1ω , and nnnv Δ+= 1ω , cko /21ω= .  
We study the quantum dynamics in the adiabatic limit and show that the quantum state of 
the weak quantum fields  and atoms follows near to the dark states of the Hamiltonian in Eq. 
(1). In the spirit of the single-color slow light phenomenon [5, 6, 29], we are able to construct a 
more general family of the dark- and bright MC-polariton states corresponding to the Hamiltonian 
in Eq. (1). In particular the arbitrary dark MC -polariton states with  excited polaritons are found 
from the following condition 
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where 1)( 2 =∑n n tC . We note the field operators  satisfy the following boson 
commutation relations  
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where we have used the property  which takes place in the 
optically dense medium in the limit of weak quantum fields  when most of the atoms  stay on 
the ground level 1 similar to [29]. 
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corresponding to single color slow light polariton field [29] (where )(/)(tan tgSnt llol Ωϑ = ). The 
bright MC-polariton states are also easily constructed for the classical control laser fields Ωm,n(t) 
so the arbitrary state of the quantum light fields and atoms can be described through the arbitrary 
quantum superposition of all the dark and bright MC-polariton states, that will be studied in detail 
elsewhere. Below we study the coherent dynamics directly solving the Heisenberg equations of 
Hamiltonian in Eq. (1) and comparing the temporal and spatial properties of the light-medium 
evolution with its properties in the dark MC- states of Eq. (2). Since the MC-dark states in Eq. (2c) 
are decoupled from excited atomic states |m〉 and |n〉 for the Hamiltonian of Eq. (1) therefore the 
states play an important role in nonabsorbing evolution of all the interacting fields . As seen 
from Eq. (2b) the united operator  couples all the light fields  and atomic 
coherence  in one common quantum MC-polariton field. Using Eq. (2b) we find the 
following commutation relations of the light fields with the polariton field  
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Such simple relations can be used for analysis of nearness of the studied quantum fields the pure 
unitary evolution of the dark MC-states. Nearness of the quantum evolutions of the fields  
in the adiabatic limit also makes the analysis of quantum dynamics convenient in terms of these 
operators. 
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properties [1, 30]:  
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Due to the weakness of the quantum fields  in Eqs (7) we ignore the operators  
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Using Hamiltonian in Eq. (1) we also add Eqs. (7a)-(7f) by the Heisenberg equations for the field 
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where )(2 );()( ~/)()( nmonmnm tt γΩΓ = . We note that the fluctuation forces  and  in Eq. 
(11d) can be ignored in comparison to the forces  and  because of the weak 
quantum fields  [16, 32, 33].  
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limit of the atomic evolution 
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here  and  are the absorption coefficients in the 
center of atomic transitions |1〉→|m〉 and|1〉→|n〉. We note that the influence of the fluctuation 
forces is given in Eqs. (13c) and (13d) without any approximations.  
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We begin our analysis of system equations Eqs. (13a) and (13b) from the time t<to when 
the probe pulse field Al(t,z) has entered into the medium and 211~)( llott Ω≅< −γμ  (see Eq. (11b) for 
). Ignoring the relaxation for sufficiently weak atomic decoherence 0)(, =<Ω ≠ onlm tt 21112 ~ ll Ω<< −γγ  
we find that Eq. (12a) leads to the well-known equation lttvloz lik Ψ−=Ψ− ∂∂∂∂ ˆˆ)( )(  of the single color 
polariton field with the state in Eq. (4) where all the quantum correlations of the probe light pulse 
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phlllll
b 0}ˆ)2/1(exp{ 2 ++−== αααϕ ,       (14) 
where , +
∞
∞−
+ ∫= kcohll akdkb ˆ)(ˆ ;φ 1)( 2; =∫∞∞− kdk cohlφ , (function )(, kcohlφ  characterizes the spectral 
properties of the pulse). Utilizing Eq. (14) we obtain the following coherent state of the polariton 
field   ),(ˆ ztt ol <Ψ
0)}(ˆ)2/1(exp{)( 2 olllol tt
++−=Φ ψααα ,        (15a) 
where 
atomsph
100 = is a vacuum state of the polariton field,  , )(ˆ)()(ˆ ;; oklcohlol tkdkt +∞∞−+ ∫= ψφψ
∫∞∞− +−− <Ψ=< ),(ˆ)2()(ˆ 2/1; zttdzett oafikzokl πψ  (see Eq. (4)), and 2lα  being the average number of 
polaritons.  
We can write the initial dark polariton state for ott <  for arbitrary state of the probe field only by a 
simple substitution of the field operators  to the operator +kaˆ )(ˆ ; okl t+ψ  taking into account Eq. (4). In 
particular we will also analyze the quantum correlations in MC-light dynamics for the well-known 
EPR spectrally correlated copropagating two-photon state [28, 35] where the relevant dark two-
polariton state takes the form  
0)(ˆ)(ˆ),()(
12 ;;12,122
1
, ∫∫ ∞∞− ++∞∞−=Φ okloklcorloAAl ttkkdkdkt ψψφ        (15b) 
here ∫∫ ∞∞−∞∞− ==ΦΦ 1),()()( 212,12,, kkdkdktt corloAAloAAl φ , the specific function  is analyzed in 
part 4.3. 
),( 12, kkcorlφ
Taking into account the initial quantum states of the system equations (15a) and (15b), we 
will solve the system of equations (13a) and (13b) which have a symmetrical form for the quantum 
fields  and . In the adiabatic limit, all the equations in (13) include the same term ),(ˆ ztmΨ ),(ˆ ztnΨ
)]ˆ()[1( 1 Ψ− ∂∂ Gt μμ  with temporal derivation of the fields which leads to the integrability of Eqs. (13a) 
and (13b) independent of the total number of equations M+ + M-.. Using the spatial Fourier 
transformations in Eq. (13) ∫ −−= ),(ˆ)2()(ˆ )(1);( ztdzet nmikzknm Ψπψ and  we 
get the simple relations between the field operators 
),(ˆ)2(),(ˆ )3( )(,1
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,     (16a) 
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where , .  )}(1/{))((),( 111; omomlolm kkikkkk −+−−= −−− ξξξη )}(1/{)}()({),( 111; ononololn kkikkkkkk +−++−= −−− ξξξη
Relations of Eq. (16 a) and (16 b) determines all the operators  through the probe field 
operators 
)(ˆ );( tknmψ
)(ˆ ; tklψ  and fluctuation forces. The relations of Eq. (16) means a reduction of the degrees 
of freedom of the quantum fields  that reflects an important consequence of the near 
adiabatic multi-wave interaction, similar to the coupling of the fields  in the dark MC 
states of Eq. (2). General inspection of system equations (7) and (9) shows that the new 
independent modes of fields  can be excited only at the nonadiabatic interactions, where 
the field-atoms dynamics becomes much more complicated (this situation in some particular cases 
will be studied elsewhere). We note that the temporal behavior of the field operators 
),(ˆ )( ztnmΨ
),(ˆ )( ztnm
+Ψ
),(ˆ )( ztA nm
+
)(ˆ );( tknmψ  
and  in Eqs. (16a) and (16b) is independent of the Rabi frequencies  and decay 
constant γ
)(ˆ ; tklψ )(, tnmΩ
2. This very universal coupling between the quantum fields is destroyed only by the 
difference in the fluctuation forces  on different optical transitions. Based on Eqs. 
(16a) and (16b), we find the following relations between the field operators in space-time domain:  
),(ˆ~ )3( )( ktf lnm −
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The functions  are analyzed in Appendix 1. Eq. (17a) means that all the light fields 
 propagate together in the medium with united group velocity v at the same time each 
field  gets its own quantum noise if  and . Thus all the 
quantum fields  are coupled to each other in the medium.  
)'(),( zzf lnm −
),(ˆ )( ztA nm
+
),(ˆ )( ztnmΨ 0),(ˆ ,; ≠Ψ ztlmslδ 0),(ˆ ,; ≠Ψ ztlnstδ
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Applying Eqs. (16a) and (16b) to Eqs. (13a) and (13b) using algebraic calculations we find 
an ordinary differential equation for )(ˆ ; tklψ  and obtain its analytical solution:  
),(ˆ),(ˆ),(ˆ ;det; ktktkt lstll ψδψψ += ,        (18a) 
where ),(ˆdet; ktlψ  describes deterministic evolution of the initial quantum field ),(ˆ ktlψ  due its 
coupling with new quantum fields ),(ˆ ktmψ  and ),(ˆ ktnψ :  
),(ˆ),,(),(ˆdet; ktkkttTkt olool ψψ −= .         (18b) 
The function ),(ˆ ; ktlstψδ  resulted from the quantum noise influence (see Appendix 2 ) is  
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here we have also introduced the following functions  
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where 0),;( =≤ oo kkttβ  before switching on the new control laser fields. The final solution takes the 
following form:  
),(ˆ),(ˆ),(ˆ )(;)(det;)(, ztztzt nmstnтnm Ψ+Ψ=Ψ δ ,        (20a) 
∫∞∞−−=Ψ ),(ˆ)2(),(ˆ det;2/1det; ktdkezt likzl ψπ ,        (20b) 
∫∞∞−−=Ψ ),(ˆ)2(),(ˆ ;2/1; ktdkezt lstikzlst ψδπδ ,        (20c) 
∫ Ψ−=Ψ L llnmnm ztzzfdzzt 0 det;);(,)(,det; )',(ˆ)'('),(ˆ ,        (20d) 
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L
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where as seen from Eqs. (17b) and (17c) . 0),(ˆ ;, =Ψ ztllstδ
Thus we note a remarkable property in the system equations (13a)-(13b) which leads to the unique 
solution in Eqs. (17a) and (20) independent of the total number M+ + M- of the coupled quantum 
light fields. Here we should note that the adiabatic conditions dramatically change the evolution of 
each optical field  which leads to one united field characterized by the one dispersion 
relation in Eq. (19b) (see below). Such multi-waves quantum evolution opens a convenient method 
for perfect control of the MC-light properties which is studied in detail in the following sections.  
),(ˆ )( ztA nm
+
The most interesting deterministic term of the adiabatic evolution ),(ˆdet; ktlψ  is characterized 
by the two main factors in Eq. (19a). Temporal dependence of the first pre-exponential factor 
gives the purely adiabatic reversible evolution of the fields (see also Appendix 2) whereas the 
exponential factor determines the wave dynamics of coupled fields which also has irreversible 
dissipation terms. In the case of a negligible small splitting between the two lowest levels: 
,  we obtain from Eq.(17a) by using Eq. (A6) and (A7) (see 
Appendix 1): 
1)/(21
1 <<=− llo ck ξωξ 1
1 <<−mok ξ
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Thus the m-th field operator  is determined by the operator of probe field  
through the nonlocal asymmetric spatial coupling of the fields with the coordinate relation 
),(ˆ det; ztmΨ )',(ˆ det; ztlΨ
lzz ξ/1' +< . Whereas the field  is coupled with field  through nonlocal spatial 
coupling with the opposite coordinate relation 
),(ˆ det; ztnΨ )',(ˆ det; ztlΨ
lzz ξ/1' +> , which is a result of the interaction 
between the field El with the fields Em and En propagating in the opposite direction. The similar 
effect takes place for fluctuation forces ),(),(; ztlnmstΨδ  (see (17b) and (17c)). Taking into account the 
initial quantum state of the probe pulse we see from Eqs. (21a) and (21b) that in the optically 
dense media 1, >>nmol ξ  (  is a initial spatial size of the probe light pulse Eol l) the new fields 
 and  will be quantum copies of the original probe field  if the spatial 
correlated length  of the initial field is large enough 
),(ˆ ztmΨ ),(ˆ ztnΨ ),(ˆ ztlΨ
corl 1, >>nmcorl ξ . In accordance with Eqs. (21a) 
and (21b) and Eq. (20) a quality of the quantum copying processes and transference of all the 
quantum correlations to the new fields will be determined by the parameters of the deterministic 
and chaotic parts of the field  during the interaction time with the new fields . In 
the next section we analyze the details of quantum dynamics and control of the new fields 
generation in the most important temporal and spatial aspects.  
),(ˆ ztlΨ ),(ˆ )( ztnmΨ
 
III. Control of the MC field Dynamics 
Below we analyze the deterministic part of the quantum evolution of the MC-light taking 
into account the physical conditions of the typical experiments with a slow light. Usually we have 
a weak enough relaxation between the two long-lived levels (in our case – levels 1 and 2 ) so 
assuming γ12 << γ1m, γ1n , μ(t), we obtain the following expression from Eqs. (19a) and (19b): 
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where a dispersion relation ),;( okktω  of the coupled light is determined by the relation: 
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and 
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where  if only the one control field 1),;( 1);( => olnm kkttJ 0)()' (' ≠Ω tnorm  is switched on.  
In the second step we again take into account the small energy splitting between the two lowest 
atomic levels so that 1/ , <<nmok ξ  and ⎢ko⎢<<⎢k⎢ therefore we get   
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The relation 1/ , <<nmok ξ  facilitates the phase matching fulfillment for the interaction between the 
light fields, which is more easily realized in the optical dense medium where 1>>lol ξ . These 
conditions lead to the inequalities  and similarly to the relation 1)();( <<klnmη )()0,;( tkt μβ <<  for 
all the spectral components of the light fields. Using Eqs. (20a) - (20e) and the inequalities in Eq. 
(15b) and Eq. (19a) we get )};,(exp{)0,;( );();( kttikktJ olnmolnm θ≈=  (where  see Appendix 
2) and the following decomposition for the dispersion relation of Eq. (22b): 
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where  is a united group velocity of all the interacting fields, the term  is a second order 
dispersion determining a spatial broadening of the MC-light pulse.  
)(tv "
kkiδω−
As seen from Eq. (24b) the group velocity  does not depend on the spectral detunings Δ)(tv m and 
Δn and the velocity  can be controlled only by the manipulation of the laser field amplitudes 
. Let us consider the possible regimes of the MC-light generation.  
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)(, tnmΩ
 
III.a. Traveling MC-field 
If M- =0 and M+>1we have the traveling MC-light field with the following group velocity  
∑+== M
m
mtravel tvtvtv )()()( .         (25) 
where the spatial dispersion will be 
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The dispersion of traveling MC-light field becomes minimum for spectral detunings 
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In this case the dispersion can be even equals to zero if . Constgmm =2/γ
 
III.b. Stationary MC-field 
Most interesting case of quantum manipulations of MC-field evolution takes place at the 
complete stopping point  of the light fields envelopes: 0)( =tv
0/)(/)( 22;
22
; =Ω−Ω ∑∑ −+ M
n
non
M
m
mom gtgt .         (27) 
The relation generalizes the recent results obtained for the two- and three-color lights in [27]. The 
stopping is a result of the strong interaction between all the coupled fields propagating in opposite 
directions. While keeping the condition (27) it is possible to vary the amplitudes of different 
control laser fields thereby changing the electromagnetic field amplitudes of the different 
components in accordance with relations . Therefore a 
number of control regimes the value and direction of the MC-light velocity can be realized by the 
manipulation of laser field’s amplitudes. Such manipulations of group velocity and electric field 
amplitudes of the MC-light fields look promising for controlling the spectrally selective weak 
interactions of the chosen frequency components of light fields with different resonant atomic 
transitions of media or even with selected single atoms. This issue will be studied elsewhere. 
))(/()(),(ˆ/),(ˆ mnnmnm gtgtztAztA ΩΩ≅
Maximum time of the MC stationary light control is limited by both the relaxation constant 
12γ  and the irreversible spatial spreading of the MC-light envelope which are determined by the 
dispersion term "
kkδω  of Eq. (24c). Putting Eq. (27) in Eq. (24c) we get to the following formula 
for the second order dispersion: 
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Taking into account Eq. (27) in Eq. (28) we can noticeably minimize the dispersion effect 
satisfying the conditions:  and  at the following spectral condition 0)Im( 11 =− −− lm ξξ 0)Im( 11 =+ −− ln ξξ
( ) ( )∑∑ −+ =Δ+Δ M
n
nnn
M
m
mmm gtvgtv 0/)(/)(
22         (29a) 
with the following particular solution related to the initial probe field El : 
0// 2'
2 =Δ−Δ llmm gg , ,        (29b) 0// 2''2 =Δ+Δ llnn gg
Thus in accordance with Eq.(29b) frequency signs are the same for the detunings Δm and 
Δl’ whereas the signs are the opposite for Δn and Δl’ (for the counterpropagating fields). Eq. (29) 
gives a universal condition of the minimal spreading which is independent of the total number of 
the fields M+ and M-. The condition generalizes the results for stationary two- and three-color 
lights obtained in the works [27]. Using Eqs. (28) or (29) in Eq. (26) we finally obtain a simple 
important relation for the minimum dispersion of the stationary MC-light: 
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Here we should note that the dispersion term of (28b), after putting in (24a), gives a 
spectrally selective absorption of the united k-th mode of MC-field leading to the irreversible loss 
in quantum correlations and energy of the MC-field. The increase of the number of coupled light 
fields M+ + M-. enhances the spatial broadening of stationary MC-field envelopes. However using 
of the atomic media, with large resonant absorption coefficients  and , provides the 
possibility for increasing the number of coupled fields M
o
mξ onξ
+ + M-. along with enhanced stationary 
light amplitudes. Temporal and spatial effects of the spectrally selective absorption of the quantum 
MC light fields are studied in details below for particular quantum states of light, taking into 
account the optimal spectral conditions obtained above. 
 
IV. Dynamics of the Quantum MC-fields 
The properties of quantum fields can be analyzed using Eqs. (18a) and (18b) while the 
quantum average of the electromagnetic fields are given  
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where: 
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where  ...  is a quantum average over the initial quantum states (below we use the states αΦ )( ol t  
and 
corol
t )(Φ  of Eqs. (15a) and (156));  are calculated using Eqs. (17b), (17c) 
and Eqs. (21c), (21e) and the quantum correlators of fluctuation forces in Eqs (8b)-(8d);  
〉ΨΨ〈 + ),(ˆ),(ˆ 2;1'; ztzt pstpst δδ
For simplicity, we impose the following relations on the fluctuation parts of the field 
operators  which corresponds to the vacuum state 
of quantum noise bath. The formulas for higher quantum correlators can be written similar to Eqs. 
(30) - (31) through the operators of initial probe fields  and . The basic properties of 
spatial and temporal control of MC-fields are more easily analyzed using the coherent state of 
probe light (15a).  
0),(ˆ),(ˆ),(ˆ),(ˆ 2;1';2;1'; =〉ΨΨ〈=〉ΨΨ〈 + ztztztzt pstpstpstpst δδδδ
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IV.a. Coherent State of MC-fields 
The dynamics of the coherent state often demonstrates the classical properties of light and 
it takes place here for , so we can analyze only the first 
order correlator using Eqs. (31a) and (31b). For convenience we assume a Gaussian spectral shape 
of the probe pulse field: 
ααα 〉Ψ〈〉Ψ〈=〉ΨΨ〈 ),(ˆ),(ˆ),(ˆ),(ˆ 11221122 ztztztzt llll
)}()()(exp{)/()( 221
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, llolooocohl itvzikkllk φϑπφ −+−+−= ,     (32) 
where zo is a coordinate of the probe field Al at t=to, ϑl is a constant phase shift of the 
field, olo tvl δ=  is the initial spatial size of the probe pulse in the medium, which is determined by 
the linear dispersion relation kvl=ω  of the probe light field for t<to (see Eqs. (24)-(26)). Applying 
Eq. (32) in Eqs. (30 a) and (31 b) and putting 1)0(, =okkU  we get the electric field amplitude of the 
probe field before the new control fields Ωm,n(t) is switched on:  
}/)(exp{),(ˆ 2221; oolololol ltvzziAztA −+−= ϑα .       (33) 
Solution (33) describes a light pulse propagating with the constant slow group velocity  and with 
the envelope amplitude 
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lool atcA
2/1
, )(
−= δπ  which is independent of the constant group velocity 
( 2la  is the average number of polaritons). Using the solution in Eqs. (19b) and (21b) for switching 
on the new control laser fields ( 0)(, ≠>Ω onm tt ) and then performing the calculations similar to Eq. 
(33) and using Eqs. (3.1) and (3.2) of Appendix 3 we obtain the following quantum average for the 
field 
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where the group velocity  is given in Eq.(24b) and,  )(tv
∫+−= tt kknmonm o dtttlltl ')'()()( "2 )(2)( δωδ          (35) 
is a new spatial size of the pulse envelope; )(tzlδ  and )()( tl nmδ  are small spatial shifts (see 
Appendix 3). After transference to a single color polariton field we find in Eq. (35) 
∫ ++=≅ τ δωo
o
t
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dttltltl ')'()()( "2)(  (where τ is the manipulation time of the MC-field). In the optically 
dense media we have from Eq. (34), the l-th and m-th field envelopes are shifted to each other at 
the distance 11 −− −≈−= lmlmml zzz ξξδδδ  and at the distance 11 −− +≈ lnnlz ξξδ  between the two l-th 
and n-th fields. We note the correlation between spatial shifts of field envelopes and second order 
dispersion  for the simplest case of the two-color stationary field (where  is )'(" tkkδω )'(" tkkδω
determined by Eq. (26b) for the traveling MC-field and Eq. (28b) - for the stationary light 
). We note that the spatial spreading decreases at the optimal spectral conditions in Eqs. 
(26b) and (28b). In accordance with Eqs. (18a) and (18b) the quantum averages of the field 
operators satisfy 
0)( =tv
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ˆ),(ˆ 1122 ztzt lm Ψ≈Ψ  in the optically dense medium. Using Eqs. (31c)-(31d) we 
find the two particle correlator for the coherent polariton state (15a) 
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ˆ,(ˆ),(ˆ),(ˆ 11221122 ztztztzt llnm ΨΨ≈ΨΨ  and for higher order quantum correlators. Assuming that the 
MC-field is localized completely in the medium we obtain for the total number of polaritons N(t) 
of the field:  
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The spatial spreading of the MC-light envelope is accompanied by the energy loss of the diffusion 
type . Typical spreading time )(/~ tll lo spreadtδ  of complete loss is found from Eq. (35) and (29) 
being comparable and larger than: 
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Physical reason of the MC-polarion field absorption given in Eq. (36) and spatial broadening of 
the field envelope in Eq. (35) can be understood by taking into account the comparison of field 
envelopes in Eq. (34) and with the envelopes in the pure dark MC-polariton fields given 
in Eq. (6). The stationary MC-field in Eq. (34) differs from the pure dark MC state due to the 
spatial shifts of the field envelopes. Therefore we conclude that the spatial field shifts result in 
absorption and spatial spreading of the MC-field which leads to the decrease of  
and moving thereby nearer to the pure MC-dark state. We stress that the traveling MC-field can be 
originally very near to the pure dark state due to the possibility of 
0)( ≠lnmzδ
0)(/)( →tlz lmnδ
0→mlzδ  while the dissipation 
processes for stationary MC-field becomes minimized in the optically dense media only if the 
initial spatial envelope is large enough . 11 −− +>> nlol ξξ
Increase of the light field number M++M- opens the possibility of intensive swapping of the 
information to the many frequency components of the MC-light whereas large fields number 
decreases the manipulation time due to the shorter spreading time spreadtδ . Using Eq.(30 a) and 
(34) we find the electric field amplitudes Am,n of the stationary MC-light ( ):  0)( =tv
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As seen from Eq. (38) the amplitude Am,n can be considerably enhanced even in comparison with 
the initial probe pulse amplitude Al,o if 1)(/)(, >>ΩΩ olnm tt . Such enhanced field can stay in the 
medium until the γ12 relaxation and large spatial broadening ( ) destroy the coherent 
part of the MC-light field. The manipulation of the stationary light amplitudes looks promising for 
the enhancement of the weak photon-photon interactions and the lengthening of the interaction 
time however the spatial broadening problem becomes especially important for large field 
amplitudes A
0)(/ )( →tll nmo
m,n of the stationary field. This issue will be studied in detail elsewhere taking into 
account possible schemes of the quantum nondemolition control based on the EIT [25].  
IV.b. Coherent State. MC-wavelength Conversion  
It is possible to switch the stationary MC-light into any single traveling light field Am with 
 by manipulating the amplitudes of the control laser fields ],...,1[ +∈ Mm 0)( 1 ≠>Ω ttm  
 or to the light field A0)( 1 =>Ω ≠ ttml n ],...,1[ −∈ Mn  if 0)( 1 ≠>Ω ttn  ). It is also 
possible to generate some specific superposition of the number copropagating quantum fields A
0)( 1 =>Ω ≠ ttnl
m 
or An (see part 3.1). Using Eq. (25) for the traveling group velocity  and Eqs. (30 a) and 
(34) we find the amplitude of the m-th component in the MC-light at time  on the medium 
output (z=L) 
)(tvtravel
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with the temporal duration .  )(/)(, outtraveloutmtravelm tvtlt =δ
Since  increases with the number of the coupled fields, the MC-light field will have a 
shorter temporal duration 
)(tvtravel
travelmt ,δ   (at the same Rabi frequencies of the control fields) therefore the 
MC-light will be irradiated to the free space from the medium with the new spatial size 
. Using Eq. (34) we find an energy of the irradiated in the m-th field 
component:  
)(/)(; outtraveloutoutMC tvtcll = mW
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tvWttW −−=> γω
ω ,      (39b) 
and the total energy  of the MC-light will be   outW
)}(2exp{
)( 2, ooutout
o
l
ol
m
mout tttl
lWWW −−== ∑ γωω ,       (40) 
where  is an energy of the initial probe pulse, olW , ∑= m outtraveloutmm tvtv )(/)(ωω  is an average 
frequency of the MC-light fields. We note that the light fields An(t,z=L) =0 in accordance with Eq. 
(18b) and the situation similar to Eq. (39) and (40) takes place for the irradiated fields An(t,z=0) 
whereas Am(t,z=0)=0 (see Eq.(18a)). We note that though the m-th light amplitude Am can be 
larger than the initial probe pulse amplitude Al,o  but the time duration of the output m-th light field 
pulse becomes shorter in the relevant proportion so the average number of photons in the MC-light 
is limited by the photon number of the initial probe field . Thus it is possible to amplify the output 
energy of the output MC-light field by increasing the average frequency )(/)(/ oooutl tltl>>ωω  and 
satisfying weak 12γ  relaxation.  
 We note that the spectrally selective disturbance and absorption of the slow light field, 
effect negatively on the quantum entanglement of slow light field [32, 33]. In the next section we 
demonstrate the influence of the similar disturbances in the quantum evolution of stationary MC-
fields on the fragile spatial quantum correlations for the case of the two-photon spectrally 
correlated probe light. Such correlations are especially important for quantum communication 
protocols and quantum imaging processes based on the spectrally correlated fields. 
IV.c. Two-photon Entangled State: Quantum Correlations in the MC-light   
We note that a maximum possible spectral width of the slow light is determined by the 
spectral window transparency of EIT. Principally the spectral width can reach a GHz range for 
semiconductor materials [13]. Let us assume that the two photon field in the quantum EPR state is 
launched into the medium creating a spectrally correlated two-polariton field in Eq. (15b). Such 
narrow spectral correlations can be principally realized at the coherent Raman scheme of two-
photon field generation using the protocol of Duan, Lukin, Cirac, and Zoller [34]. Without loss of 
essential physics of the quantum correlation we use the following form of the initial wave function 
[28]: 
)()()(),( 221212112, kkkkkkcorl ΓΓ+Γ=φ .        (41) 
with the Gaussian functions for  and , where )( 211 kk +Γ )( 12 kΓ ( ) }exp{/)( 22214/12 kbbk −= πΓ  describes 
the spectral distribution of the k1 and k2 polaritons (where  is the k-spectrum width,lph vb /
1 γ=− phγ  
is the larger parameter, which determines the spectrum width of the probe light field; 
})(exp{]/)2[()( 212
2
2
14/122
121 kkabakk +−+=+ πΓ  describes spectral correlations between the two 
polaritons with correlation length  in a k-spectrum; Maximum of  at lcor va /
1 γ=− )( 121 kk +Γ
012 =+ kk  corresponds to the energy conservation pωωω =+ 21  at the two photon down 
conversion with spectral width corγ of the photons correlation. Spectral width corγ  is assumed to be 
narrow compare to the spectral width of a each single photon field phγ : phcor γγ <<  ( ab << ). 
Similar to parts 4.1-4.2 we taking into account the solution in Eqs. (18)-(20) at the optimal 
dispersion relation (21a) and following to the analysis of the two-photon wave function given in 
[35] we introduce a two-polariton wave function );,;','( τztztllΨ   
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2
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where taking into account )2;(),(ˆ),(ˆ0 ,)(;)'('det; ocorlnmstnm tztzt ΦΨΨ δ  0)2;(),(ˆ),(ˆ0 ,)(;)'('; =ΦΨΨ= ocorlnmstnmst tztzt δδ  
we find 
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after calculations of all the Gaussian integrals in Eq. (42), where  and 
 are the total and spatial correlation lengths of the two polariton field, 
, 
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Appendix 3).  
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Behavior of the two-polariton function );,;','( τztztllΨ  for different time τ  is shown on the 
Fig. 2. As seen from Fig. 2, function );,;','( τztztllΨ  describes sharp spatial correlations of two 
polaritons for 0=τ , which are spreading and disappearing in time at further evolution. Using Eq. 
(43) we can estimate the condition where the quantum correlations are still preserved. We find the 
probability of the two polariton detection  
2/)();,;',(' 2
2
0 02
1 ττ Nztztdzdz llL L =Ψ∫ ∫ ,        (44) 
which determines the probability of two photon emission from the medium. Similarly to the 
calculation of Eq. (43 a) we find the second order correlator  
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where ])0()()/)((2)( 42 )1(2 )1(2)1()1(, allall lllcoh −= τττ  is a first order spatial coherence length, 
 is a longitudinal size of the coherence. We see that the behavior of 2/122
)(1 )]([)( ττ ll bal +=
);,;','( τztztllΨ and );,;,( 1122 τztztIll  remains similar to each other (see [36]) even time τ  
considerably increases. Using Eq. (45) we find an average number of polaritons Npol 
)(22
)/)(1(
22
)0()(
)0(2
);,;,()( 22/12242
)1(
2
)1(
2
)2(
0
τττττ Nbball
bl
ztztIdzN
l
ba
ll
l
ll
L =+≅−== >>∫ .   (46) 
Temporal behavior of  and )(2 τN )(τN  given on the Fig.3 shows a more rapid decay of . For 
small spatial spreading  we get the following relation for the coherence lengths: 
)(2 τN
22 )( abl <<τ
2
)2(,)1(, ))(/(1)()( τττ lcohcoh bbll +≅  and )(2)()2(, ττ lcoh bl ≅ , where )0(2)0( )2(,)1(, cohcoh ll ≅ for 0=τ  and 
)()( )2(,)1(, ττ cohcoh ll ≅  for a larger spatial spreading . Thus the two polariton field and all 
the quantum spatial correlations are completely preserved if the spatial spreading satisfies the 
following important relation: 
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However the quantum correlations still remain even for larger spatial spreading than takes place in 
Eq. (47). We find important information about the quantum properties of two-polariton field 
evolution from the second-order  coherence:  )2(llg
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where  is an averaging over z and z’, the  is shown on the Fig. 4 for . 〉〈... )()2( τllg ba 10=
As we see from Eq. (48),  coherence of the two-polariton field is increased from  
to the classical value  at  (see Fig.4) and then  increases 
asymptotically to the limit 
)2(
llg 5.0)0(
)2( =llg
1)'()2( =τllg kkb δωτ /)75.3(' 2≅ )2(llg
536.3)22/()10,()2( ≅==∞→ babagll τ  corresponding again to the 
nonclassical field (with average number of photons in the state 30.1)'(~/22)'()( ≅=< τττ bbNN  at 
'ττ > ). Thus we have found that the original quantum correlations are preserved for time 'ττ <  
that points out a more robust condition for the quantum manipulations of MC-light in comparison 
with Eq. (47).  
 Summarizing this part we note that the presented analysis shows the possibility of the 
transformation of original single color probe quantum pulse to the MC-fields and manipulations of 
the new field amplitudes preserving the original quantum correlations. We also add that the 
evaluation of the entanglement in the output MC-field represents an independent interesting 
subject for the further work, which can be easily performed using the obtained Eqs. (18)-(20) and 
taking into account the simplified analysis of the fluctuation forces in the spirit of the work [33].  
 
V. CONCLUSION 
The EIT technique for generation and manipulation of the MC-light field from a traveling 
quantum probe light is proposed. Theoretical analysis of the MC-field dynamics has been 
performed in the adiabatic limit of interaction between the light fields in the multi double Λ  
coherent atomic medium. In Part II, we have obtained the exact analytical solution of the system 
of equations for the MC-field evolution in Eqs. (13a) and (13b) where the main formulas are 
given in Eqs. (18) - (20). The solution demonstrates the possibility of effective MC-light field 
control in the medium when all the light fields can move with united group velocity which can be 
effectively controlled and even stopped in the medium by adjusting the laser field amplitudes. In 
Part III, the spectral conditions for perfect manipulations of the traveling and stationary MC-light 
fields have been found in terms of minimization of second order dispersion. We have found that 
the MC-light field evolution follows near dark MC-field state in Eq. (2a). The difference between 
pure dark state and state of the evolved MC-field is determined by the spatial shifts of different 
light field envelopes. This difference results in dissipation and spatial spreading of the MC-light 
fields moving its state nearer to the dark MC-polariton states.  
The detail temporal and spatial properties of the MC-field quantum dynamics have been 
analyzed in part IV for the cases of coherent and two-photon (EPR) correlated state of probe light 
field. Our results show the possibilities of considerable lifetime lengthening and enhancement of 
the electric field amplitudes in the stationary MC-light field, which look promising in the 
improvement of quantum nondemolition measurements and enhancement of weak nonlinearity in 
the photon-photon and photon-atom interactions with a localized atomic system in spatially 
limited media. Specific quantum correlations in temporal and spatial dynamics of the two-
polariton MC-field have been studied in part IV.c.. It has been shown that the irreversible 
evolution of the stationary MC-fields is accompanied by the spreading of spatial correlations 
between the two polaritons given by Eqs. (43) and (45). The conditions have been found where 
the initial quantum correlations of probe light pulse can be preserved (see Eq.(47) and subsequent 
analysis).  
Finally, we note that the proposed technique of quantum manipulations of the traveling and 
stationary MC-light fields offers a general approach for unitary control of the complicated multi-
frequency light fields. The approach and obtained results, from our research, can be used for 
analysis of a number of new optical schemes especially in the generation and manipulation of 
MC-light fields. We also believe that the quantum control of MC-light fields can be potentially 
interesting for applications in complicated multi-frequency optical systems, where multiple light 
fields have been involved in controllable switching, and in multi-frequency exchange through 
perfect quantum interactions. 
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APPENDIX 1: 
Taking into account Eqs. (16a), (16b) we obtain  
∫∞∞− − +=− )};(1{)2/1()'( ),()'(),( olnmzziklnm kkidkezzf ηπ .        (1.1) 
After integration over the k we find  
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where 0 if 0);0( if ,1)( <=>= zzzχη . Assuming that the MC-light fields are localized in the medium so 
that  at the medium border we Apply Eqs (1.2) and (1.3) in Eq. (17a) we get  0),(ˆ)0,(ˆ =Ψ==Ψ Ltzt ll
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Taking into account  in Eqs.(1.4) and (1.5) we simplify the equations to the following   1>>ol lξ
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 APPENDIX 2 
Applying Eqs. (16a) and (16b) to Eqs. (13a) and (13b) after all the algebraic calculations we find 
the resulting fluctuation noise term  in Eqs. (19a) and (19c) which includes the 
fluctuation forces effecting field  on all the atomic transitions: 
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APPENDIX 3: 
Using the formulas for the group velocity  (21b) and second order dispersion (see Eq. 
(26) and Eq. (29)) in the optically dense media where  we can rewrite the functions 
 in the convenient exponential form taking into account only a second order of 
smallness of the parameters : 
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We note that )()(, tz nmδ  and  give a kinematical spatial shift and a compression of the field 
envelopes for the MC-light and these parameters  and 
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, =>=> ttlttl lmlm δδ 0)()( 11 =>=> ttzttz nm δδ  
after switching to a single frequency traveling slow light field.  
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FIGURE’S CAPTIONS 
 
Fig.1. Scheme of the atomic transitions and frequencies of the quantum weak fields ,  and 
control laser fields ,  where 
mEˆ nEˆ
mΩ nΩ ],...,1[ +∈ Mm , ],...1[ −∈ Mn  . 
 
Figure 2. The two-polariton function );;'( τΨ zzll  given by Eq. (42) at different manipulation time 
τ  of the stationary MC-light for ba 10= , b=1: a) , b) , c) 
  
5/)( 2/1 =bkkτδω 20/)( 2/1 =bkkτδω
40/)( 2/1 =bkkτδω
 
Fig. 3. Decay of the two-polariton field component ( , Eq. (44)) and average number 
of polaritons ( , Eq. (46)) on manipulation time 
−−−−−)(2 τN
___________________)(τN τ  at , .  ba 10= 1=b
 
Fig. 4. Second-order  coherence at )()2( τllg ba 10= , 1=b  (see Eq. (48)):  for '1)()2( <τllg 0 ττ <<  
that corresponds nearly to the initial quantum properties of the MC-field,  at 
 gives a classical relation for the MC-field; large manipulation time '
1)'()2( =τllg
kkb δωτ /)75.3(' 2≅ ττ >  leads 
to the new quantum state of MC-field with . 536.3)(1 )2( << τllg
  
 
 
 
 
 
 
 
 
 
 
 
|2+〉 
|1〉
|2〉
|1+〉 
+1Eˆ  
|M+〉 
|1-〉
|M-〉+MEˆ  +MΩ  
 
 
Fig.1. 
+2Eˆ  +2Ω  
+1
Ω −1Eˆ  
−
 
−MEˆ  ΩM
−1
Ω
 - 20
0
20
- 20
0
20
0
2
4
6
 1Z  
2Z
llΨ210  
blcoh 33.3)2(, ≈
5/)( 2/1 =bkkτδω
a)  
 
 
 
 
 
 
 
 
- 20
0
20
- 20
0
20
0
2
4
6
 
llΨ210
2Z
1Z  
blcoh 17.8)2(, ≈
20/)( 2/1 =bkkτδω
b) 
 
 
 
 
 
 
 
 
 
- 20
0
20
- 20
0
20
0
2
4
6
 
llΨ210
1Z  
2Z
blcoh 46.9)2(, ≈
40/)( 2/1 =bkkτδω
c)  
 
 
 
 
 
 
 
 
 
Figure 2.  
  
 
 
 
 
 
 
 
 
 
Figure 3. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  
 
 
 
